Abstract-Machine-to-machine devices have the potential to be placed in environments that are less than ideal for wireless propagation, such as factory floors or within metallic enclosures. In this letter, we illustrate that such environments not only produce the expected multipath, but can also depolarize the signal across all three spatial dimensions. Furthermore, we show that these effects are multidimensional in which they are highly sensitive to extremely small changes in user placement and frequency of operation. That is, these channels exhibit randomness based on a user's action. These effects motivate new channel characterization approaches and metrics along with the development of tripolar antenna designs. This letter concludes by presenting the efficacy of such a prototype antenna.
I. INTRODUCTION
M ACHINE-TO-MACHINE (M2M) systems are those envisioned to not only report aggregated data to an enduser, but to also exchange data among devices to better and autonomously operate a larger system. For example, an M2M system may monitor and/or manage large machinery on a factory floor, coordinate appliance activity throughout a home to reduce peak power loads, or track locations of shipping containers at docks. Given this breadth of potential M2M applications, it is clear that the environments in which they will be deployed can vary greatly in terms of wireless propagation conditions (multipath, line of sight (LoS), and non-LoS). Furthermore, as we illustrate herein, these effects, which include severe frequencyselective and depolarization effects in three dimensions, will be highly dependent on the placement of the device in the environment. This dependency, on what may be considered user-caused randomness, motivates this study.
For M2M systems to be low-cost and easily deployed, there will likely be little prior knowledge about the propagation environment or control over device placement, thus suggesting a strong need for the device to adapt to channel randomness. In this letter, we provide examples of the aforementioned channel effects. For example, we show that these channels can take on characteristics that are statistically more severe than the worst case assumed for mobile communications. Furthermore, we illustrate the use of a prototype tripolar antenna to mitigate the depolarization in three dimensions caused by such channels. Recognition of these severe effects and utilization of new channel analysis methods, we contend, will allow M2M designers to create more reliable networks. Although polarization diversity in two dimensions has been long considered [1] , [2] , leveraging all three spatial dimensions has received limited attention [3] , [4] . Furthermore, the consideration of depolarization along with channel loss, to the best of our knowledge, has yet to be explored. Thus, another contribution of this letter is to suggest means for characterizing these random effects.
II. EXPERIMENTAL RESULTS
We first present empirical data illustrating that the channel effects in severe multipath environments are highly sensitive in multiple dimensions, specifically to extremely small changes in frequency and the device's position and to the polarization utilized.
A. Methodology
S 21 measurements were conducted, using a vector network analyzer (Anritsu MS2036A), between two linearly polarized, monopole antennas. The antennas were initially placed approximately 0.5 m apart in a compact (0.9 × 0.6 × 0.9 m 3 ) reverberation chamber that is capable of creating a variety of channel conditions ranging from the benign (i.e., high-K, Rician) to the severe (i.e., two ray, hyper-Rayleigh) [5] . As reverberation chambers have been shown to emulate channel characteristics similar to industrial sites [6] , we contend our test environment will similarly emulate conditions that may be seen by M2M systems. In particular, we consider the scenario where the M2M environment is static or slowly changing, and thus, our test conditions are constant during the measurements (i.e., there is no stirrer blade movement that is typical for reverberation chamber tests).
Testing was conducted with the transmit antenna oriented with vertical polarization. The receive antenna was oriented to one of three, mutually orthogonal, orientations (as illustrated in Fig. 1 ): 1) vertical V ; 2) horizontally orthogonal to wave propagation H; and 3) coinciding and parallel to the transmitter to receiver propagation direction P . For each of the three polarization configurations (i.e., V V , HV , and P V ), S 21 sweeps were made between 2.40 and 2.48 GHz (bandwidth of 80 MHz). See http://www.ieee.org/publications standards/publications/rights/index.html for more information. measurements are highly variable illustrating significant multipath effects and there is little to no cross-polarization discrimination (XPD) in that the median value for S V V (−29.0 dB) is within 3 dB of the S H V and S P V values (−26.4 and −27.1 dB, respectively). Thus, this environment not only introduces multipath but also depolarizes the transmitted wave in three-dimensional space, which is noted by the noninconsequential S P V data. Statistically, across frequency, we find that the V V case not only exhibits more severe multipath effects than the other two receive antenna polarization scenarios, but also effects more severe than Rayleigh (see Fig. 3 ), as indicated by the V V curve being rotated clockwise relative to the theoretical Rayleigh curve.
B. Frequency and Polarization Dependency
To further illustrate the significance of the depolarization caused by this environment, we utilize the data to determine the optimal orientation for the receive antenna. Depolarization can occur both in azimuth (i.e., toward the H-polarization) or in elevation (i.e., toward the P -direction). Recall that our S 21 measurements are a function of frequency (2.40-2.48 GHz), thus we may see variations in the extent of these rotations over frequency. Fig. 4 illustrates this effect in which the depolarization angles are determined directly from the S 21 measurements as follows:
C. Placement Dependency
One source of user-caused randomness in M2M systems is that associated with the placement of the wireless devices. shows copolar and cross-polar S 21 data for the same conditions noted for the data presented in Section II-B with the exception that the receive antenna has shifted in location by 1 cm (i.e., < λ/10). Statistically (as seen in Fig. 6 ), we find, in comparison to our initial test position, that the S V V case has improved while another case S H V has degraded. For both of these positions, a receive antenna oriented in the P statistically provides the best performance of the three orthogonal orientations. However, as suspected, another slight change in position could produce a different result. To show this susceptibility in link performance, we plot in Fig. 7 (left) the copolar (i.e., V V ) S 21 data from Fig. 5 against that from Fig. 2 . The figure illustrates that moving the antenna less than λ/10, under otherwise fixed test conditions (recall the chamber's stirrers were held stationary during these tests), can result in S 21 changes of over 30 dB. Over all frequencies, we find the median absolute change to be 3.8 dB. This result is consistent with the low correlation that we find between the two datasets (i.e., ρ = 0.47).
This slight change of position not only changes the channel's S 21 characteristics, but also its depolarization impact. We illustrate this in Fig. 7 (right) where the depolarization in azimuth for this position is plotted against that seen for the first test position (i.e., the x-axis of Fig. 4 ). This figure shows the lack of correlation in depolarization in the azimuth H-direction (i.e., ρ = 0.37) over frequency. The correlation of depolarization in the elevation (i.e., P ) direction is similarly low (ρ = 0.42).
We have demonstrated thus far that M2M-like environments can yield significant channel changes across the dimensions of polarization, frequency, and space. As each of these dimensions is nonsingular, we can readily conclude that a deterministic approach to ascertaining channel conditions is not tenable. Thus, to categorize an environment by using multiple measurements, we leverage a previously suggested metric, the 10% fade depth (10%FD) [7] . Calculation of the 10%FD is readily determined from channel measurement data by first finding the median S 21 value (in dB), next normalizing that dataset by the median, and finally sorting the resulting data from low to high. The 10% fade value will be the N/10 value in the resulting data, where N is the total number of measurements. Known 10%FD values are −8.2 dB for Rayleigh and −13.1 dB for worst-case (i.e., two-ray) hyper-Rayleigh channels [7] . Using this metric, we analyzed the data collected across 37 closely spaced receive antenna positions and at 551 frequencies between 2.40 and 2.48 GHz. The measurement locations were spaced 1 cm apart in a cross pattern of 25 × 12 cm 2 extent. As illustrated in Fig. 8 , all three receive antenna polarizations exhibit channel statistics both more benign than Rayleigh (cases to the right of the −8.2-dB Rayleigh line) and worse (cases to the left). For this particular environment and across all locations and frequencies measured, we find over 50% of all measurements exhibit hyperRayleigh channel statistics. We also find that cross-polarized links (i.e., HV and P V ) are more favorable than the copolar (i.e., V V ) configuration for which over 65% exhibit hyperRayleigh conditions.
D. Summary Metric: XPD
XPD is defined as the ratio of the average power received in the copolarized channel to the average power received in the cross-polarized channels [8] . XPD has been formalized in a two-dimensional (2-D) framework as follows:
where, for our data, ... denotes the average calculated over the frequencies of 2.40-2.48 GHz. However, to the best of our knowledge, XPD has not been presented in 3-D framework. As such, we extend (2) as follows: Note that the purpose of the √ 2 factor in the numerator is to normalize the sum of the two denominator components.
Lower XPD values indicate more depolarization in a propagation environment. We can see from Table I that there is low XPD (< 2 dB) between all three directions for our high multipath test environment. Prior work has also shown that such low XPD indicates that diversity techniques can be effective [9] (e.g., effectiveness is maximum when XPD = 0 dB [10] ). In our case, we see that there is potential to leveraged diversity over three mutually orthogonal polarizations, as indicated by the low XPD seen in the final column of Table I as calculated by using (3).
III. MITIGATION WITH TRIPOLAR ANTENNA DESIGNS
Given the multipath and 3-D depolarization we illustrated in Section II, we now consider a tripolar antenna system that can mitigate these effects. Earlier studies considered three distinct linear antennas oriented in a mutually orthogonal manner to investigate both diversity [9] and multiple-input-multipleoutput (MIMO) capacity [3] gains. Subsequently, fully integrated, tripolar antenna systems were developed for MIMO investigations [11] , [12] . For M2M systems, link reliability is arguably more critical than high data rates, and thus we consider, as an illustrative example, results obtained from one such prototype integrated antenna system that was designed to operate from 5.40 to 5.48 GHz [13] .
The prototype antenna was placed arbitrarily in our test chamber (see Fig. 1 ) to receive the signal from a vertically oriented transmit antenna. The statistics associated with the three measured responses are shown in Fig. 9 . For this particular placement, one polarization exhibits Rician fading V , another is approximately Rayleigh P , and the third is hyper-Rayleigh H. As shown in Section II, for these types of environments, the link statistics can be highly dependent on very small changes in location and/or frequency, thus motivating one to exploit the available diversity enabled by the tripolar design. As such, also shown is the result of implementing arguably the simplest diversity/adaptation technique of selecting the best of the M = 3 paths. This technique results in a relatively benign Rician environment (K ≈ 2.5 dB) even when the conditions seen by the three individual component polarizations are statistically significantly worse. Such adaptation can be readily done in situ and with little computation by an M2M device by leveraging the receive signal strength indication feature inherent in modern wireless chipsets.
IV. CONCLUSION
In this letter, we present channel data collected in an environment that emulates that which may be seen for M2M systems. This letter illustrates that channel variations are highly variable and dependent on small dimensional changes in frequency and space and that depolarization occurs across all three spatial dimensions. Because of the sensitivity to device placement by the user, deterministic modeling of these channels is not tenable. We, thus, illustrate the use of the 10%FD to statistically characterize the environments and a 3-D XPD metric to show the three-dimensional impact of depolarization. Future work includes developing compact tripolar antenna systems that can be readily integrated in M2M devices and that can adapt to these random channel conditions.
